The electrostatic application of a mycoinsecticide, Paecilomyces fumosoroseus, was tested for controlling the infestation of the silverleaf whitefly, Bemisia argentifolii, to tomato plants in greenhouses. Electrostatic application had no impact on fungal viability, measured as colony-forming units (cfu), and resulted in good fungal deposition (cfu/cm 2 of leaf surface) on both the adaxial and abaxial surfaces of leaves. The adaxial/abaxial surface ratio (1.8) was comparatively low, suggesting that the electrostatic application of mycoinsecticides is potentially useful for controlling greenhouse pests. However, experiments for controlling the whitefly produced unsatisfactory results, with larval mortalities of 48.1% on d 11 after the first electrostatic application of the mycoinsecticide and 23.9 and 8.1% on d 7 and 19 after the second application, respectively. It is likely that the low larval mortalities were caused by environmental conditions not conducive to fungal infection.
INTRODUCTION
Whiteflies, thrips, aphids, and leafminers are key pests for greenhouse-grown ornamental crops in Japan, including tomato, cucumber, and eggplant. Control of these greenhouse pests has become more difficult in recent years because they have developed resistance to chemicals. Currently, four mycoinsecticides from three entomopathogenic fungi have been registered for use against greenhouse pests and effectively control the targeted pests (Saito, 2003a, b) : Preferred ® (ϭPreFeRal ® ; Paecilomyces fumosoroseus), BotaniGard ® (Beauveria bassiana), Mycotal ® (Verticillium lecanii), and Vertalec ® (V. lecanii). To achieve effective control with mycoinsecticides, however, the fungi must be deposited on the abaxial surface of the leaves, where many insect pests are commonly found. Electrostatic application should overcome this problem because the system confers an electric charge on the spray aerosols as they leave the nozzle, causing the droplets to be deposited onto leaf surfaces. Sopp et al. (1989) reported that spore deposition of V. lecanii on chrysanthemum leaves was greater when using an electrostatic sprayer and better distributed than that achieved with a conventional high-volume hydraulic sprayer. Electrostatic sprays, which are usually applied in the late afternoon in greenhouses with closed windows, are also convenient for the application of mycoinsecticides because the latter require high humidity for fungal infection. Nevertheless, there have been very few studies of the electrostatic application of mycoinsecticides.
In this study, preliminary experiments were carried out on the electrostatic application of the mycoinsecticide P. fumosoroseus for the purpose of controlling the infestation of the silverleaf whitefly, Bemisia argentifolii, on tomato plants. This is the first report of the electrostatic application of microbial control agents in Japan.
MATERIALS AND METHODS
Mycoinsecticide. The commercial product Preferred ® , which is P. fumosoroseus, was used. Granules of the mycoinsecticide were mixed thoroughly with a small amount of water for 3 h at room temperature before the final solution was made. The concentration of the final solution was 10 g granules/l of water.
Electrostatic sprayer. An electrostatic greenhouse sprayer (model KLVH15DX, Kyoritsu Inc., Tokyo) was used. The equipment is a low-volumetype spayer with a 12 l tank, and confers a negative electrical charge on droplets (diameter 10 mm) of the solution (Ono, 1994; Sumida et al., 2001) . A flow rate of 76 ml solution/min was established using an air-line pressure of 3 kg/cm 2 . Effect on fungal viability. The final mycoinsecticide solution was expelled from the electrostatic sprayer, and the droplets were collected in a vinyl bag placed in front of the nozzle. The sprayed solution was diluted ϫ10 Ϫ5 with sterile water, and 0.5 ml of the diluted solution was dispersed on the surface of Sabouraud dextrose agar in 90ϫ15 mm plastic Petri dishes. The fungus was cultured at 20°C for 4 d before the number of fungal colonies was counted. The data were expressed as colonyforming units (cfu)/ml, because the plate-counting method did not allow for the differentiation of spores and mycelia included in the mycoinsecticide. The data for the sprayed solution were compared with those collected for the solution tested before spraying. Five Petri dishes were used to test each solution.
Greenhouse experiments. The experiments were conducted in two chambers (each 7.8ϫ9 m, maximum height 5 m) of a greenhouse at the Shizuoka Agricultural Experimental Station. In each chamber, a tomato cultivar, Hausu Momotaro, was planted in three lines with 17 seedlings in each line on 22 May 2003. Both chambers were infested with adult whiteflies on 26 May. The mycoinsecticide solution was electrostatically treated twice at a rate of 3 l solution/100 m 2 in one chamber. The first application was made on tomato plants at a height of ca. 1.5 m in the chamber on 4 July. The second application was made on 18 July. Each application was commenced at 17 : 00. To maintain the high humidity necessary for fungal infection, the windows had been previously closed and 10 l of water was sprayed electrostatically after the fungal application. The windows were opened the next morning at 8 : 00 a.m. Nothing was sprayed in the other chamber, which was used as the control.
In the fungal deposition experiment, 10 leaves were collected at random from the middle of each plant immediately after the first application. Each leaf was placed firmly between two plastic cups (diameter 2.7 cm, height 3 cm) with 5 ml of sterile water containing 0.1% Triton X-100. The cups were held with two fingers and shaken vigorously for 1 min to detach the fungi from the adaxial and abaxial surfaces of the leaves. A very small amount of streptomycin was added to the fungal suspensions, and then 0.1 ml of each suspension was dispersed onto the surface of Sabouraud dextrose agar in 90ϫ15 mm plastic Petri dishes. The Petri dishes were incubated at 20°C for 4 d before the number of fungal colonies that developed was counted. The data are expressed as cfu/cm 2 of leaf surface. Mortalities among the whitefly larvae were monitored on 15 July (d 11 after the first application), and 25 July and 6 August (d 7 and 19 after the second application, respectively). At each monitoring, 10 leaves were collected randomly from the middles of 10 plants and the number of live and infected larvae was counted using a microscope. Before the experiment, no chemicals had been used in either chamber. Air temperature and relative humidity in the chambers were measured with digital recorders at 15 min intervals.
RESULTS
The viability of the electrostatically sprayed P. fumosoroseus was compared with that of the fungus before spraying (Table 1) . There was no significant difference (pϾ0.05) in fungal viability before and after spraying, indicating that electrostatic 290 T. SAITO treatment had no impact on the fungi.
The mycoinsecticide was applied to tomato plants in a greenhouse using an electrostatic sprayer, and the fungal deposition on the adaxial and abaxial surfaces of the leaves was measured ( Table 2 ). The mean fungal deposition on the abaxial side (4,594 cfu/cm 2 ) was significantly lower than that on the adaxial side (8,199 cfu/cm 2 ), and the adaxial/abaxial surface ratio was comparatively low (1.8). The range of values for fungal deposition on the abaxial surface of the leaves (524-12,132 cfu/cm 2 ) had a minimum value 5.3-fold lower than, and a maximum value 1.4-fold lower than the corresponding values for the adaxial surface of the leaves (2,794-17,132 cfu/cm 2 ). However, fungal deposition was found on the abaxial surface of all the leaves sampled.
The results of whitefly control by electrostatic application of mycoinsecticide are shown in Table   3 . The first application produced a mean larval mortality of 48.1% and a maximum larval mortality of 75.9% on d 11. The second application produced mean larval mortalities of 23.9 and 8.1% on d 7 and 19, respectively, and a maximum larval mortality of 65.7%.
Average air temperature was 25°C (range, 16-42°C) and average relative humidity (RH) was 64% (range, 20-99%) during the greenhouse trials.
DISCUSSION
In Japan, conventional high-volume hydraulic sprayers are used to apply mycoinsecticides. Recently, a handy electrostatic sprayer was developed for chemical applications in small Japanese greenhouses, which confers, with a low voltage (400 V), an electric charge on the droplets as they leave the nozzle (Ono, 1994; Sumida et al., 2001 ). Use of this sprayer has achieved good control of the cotton aphid (Sumida et al., 2001 ) and powdery mildew (Ichikawa et al., 1998) on greenhouse melons. In the present study, the equipment was used to spray the mycoinsecticide P. fumosoroseus, which is a promising candidate for the control of the silverleaf whitefly (Osborne and Landa, 1992; Ohta et al., 1998; Wraight et al., 2000; Saito and Sugiyama, 2005) . Sopp et al. (1989) reported that an electrostatic application produced larger deposits of blastspores of an entomopathogenic fungus, V. lecanii, than did hydraulic application, and lower aphid populations were recorded on the electrostatically treated plots. In the preliminary experiments reported here, no conventional hydraulic sprayers were available to compare with the electrostatic sprayer. However, the potential utility of electrostatic applications of mycoinsecticides is implied by the results insofar as there was no impact on the viability of P. fumosoroseus and good fungal deposition on the abaxial surface of the leaves was achieved.
On the other hand, the results of the greenhouse trials were unsatisfactory in terms of the infection of whitefly larvae. Larval mortality decreased in the days after the second application, suggesting that a fungal epidemic could not be achieved in the treatment chamber used. Environmental conditions, particularly temperature and humidity, are very important in infections of entomopathogenic fungi (Tanada and Kaya, 1993) . P. fumosoroseus strain PFR97, which is included in the mycoinsecticide tested in the present study, ceases to grow at 35°C (Vidal et al., 1997) . The strain has an optimal RH of 100% and a suboptimal RH of 90%, and does not initiate any development at 80% RH (Landa et al., 1994) . During the greenhouse trials, periods of high temperatures (Ͼ35°C) were recorded for about 6 h on most days. Night-time humidity rose to only 75 and 85% after the first and second applications, respectively, even when additional water was applied. Night-time humidity exceeded 80% on only 6 of 11 d after the first application and 12 of 19 d after the second application. It is likely that high temperatures and dry conditions suppressed fungal infection of the whitefly larvae in these greenhouse trials. Wraight et al. (2000) reported that multiple applications of P. fumosoroseus and B. bassiana at 4-to 5-d intervals achieved Ͼ90% control of silverleaf whitefly larvae on cucumbers and cantaloupe melons. Hall (1985) recommended that V. lecanii be used for aphids on chrysanthemums only during spring and summer months, when the use of polythene blackouts to restrict day-length has the effect of simultaneously raising humidity. Such fully worked-out strategies for application procedures, together with improvements in equipment such as electrostatic sprayers, are required when entomopathogenic fungi are used to control greenhouse pests.
